The photoisomerization process of 1,2-diphenylethylene (stilbene) is investigated using the spin-flip density functional theory (SFDFT), which has recently been shown to be a promising approach for locating conical intersection (CI) points (Minezawa, N.; Gordon, M. S. J. Phys. Chem. A2009, 113, 12749). The SFDFT method gives valuable insight into twisted stilbene to which the linear response time-dependent DFT approach cannot be applied. In contrast to the previous SFDFT study of ethylene, a distinct twisted minimum is found for stilbene. The optimized structure has a sizable pyramidalization angle and strong ionic character, indicating that a purely twisted geometry is not a true minimum. In addition, the SFDFT approach can successfully locate two CI points: the twisted-pyramidalized CI that is similar to the ethylene counterpart and another CI that possibly lies on the cyclization pathway of cis-stilbene. The mechanisms of the cis-trans isomerization reaction are discussed on the basis of the two-dimensional potential energy surface along the twisting and pyramidalization angles.
INTRODUCTION
The cisÀtrans isomerization reaction is a fundamental process in photochemistry. 1,2-Diphenylethylene (stilbene) is a prototypical molecule that undergoes photoisomerization, 1, 2 and the molecule has been extensively investigated by both experimental 3À36 and theoretical 37À65 approaches. Stilbene photoisomerization takes place in both the cis-to-trans and trans-to-cis directions. It has been generally accepted that the relaxation of both cis and trans isomers involves the central CdC bond twisting motion toward the perpendicular conformation (so-called phantom state 18, 25 ) on the excited-state potential energy surface (PES). A conical intersection (CI) 66À70 apparently exists near the twisted minimum. Since the CI acts as a funnel connecting multiple electronic states, the photoexcited stilbene is allowed to return to the ground state with a rapid internal conversion. On the ground state PES, some molecules complete the twisting motion and lead to the product, and others return to the initial isomer (reactant). The cis and trans isomers are produced in approximately equal amounts, whether the reactant is cis-or transstilbene. However, there are some striking differences between the cis-to-trans and trans-to-cis isomerization processes. First, the isomerization proceeds much faster in the former (∼2 ps) 7, 8, 11, 14, 16, 18, 24, 25, 27, 32 than in the latter (10À200 ps). 9, 10, 24, 25, 36 The experiments illustrate that there is a relatively large barrier (∼3 kcal/mol) on the trans-to-cis isomerization path, 3, 4, 6, 31 while the cis-to-trans reaction involves a negligible barrier or a barrierless process. 17, 24, 27, 30, 34 Second, in the cisstilbene isomerization reaction, a cyclization product, 4a,4b-dihydrophenanthrene (DHP), is observed along with the trans isomer product, although the experimental quantum yield is relatively small (0.10) compared to that of the trans isomer (0.35). 40, 71 The byproduct formation indicates that another reaction channel is open for the cis isomer.
To provide insight into the mechanisms of photoisomerization in stilbene, it is necessary to apply quantum mechanical methods that can describe not only the relevant excited-state minimum energy points but also the conical intersections. Because the excited-state lifetime and product yield are closely related to the location of the CI points, an accurate description of the CI point energy and geometries is of the utmost importance. The state-averaged complete active space self-consistent field (SA-CASSCF) method has been widely applied to explore the excited-state PES because the analytic gradient and derivative coupling vectors are available to specify the CI seam. To optimize the CI points with methods that account for dynamic correlation, which is missing at the SA-CASSCF level, the derivative coupling expression has been derived and implemented for multireference configuration interaction (MR-CI) 72, 73 and multistate secondorder perturbation theory for the SA-CASSCF reference (MS-CASPT2) 74 methods. CI searches by these correlated methods indicate that dynamic electron correlation significantly modifies the PES and geometries in the region of the CI points.
Time-dependent density functional theory (TDDFT) 75À77 is an alternative approach to take into account dynamic correlation effects for describing electronically excited states. The linear response (LR) TDDFT approach has been applied successfully to compute the absorption and fluorescence spectra of large molecular systems, and LR-TDDFT has been combined with The Journal of Physical Chemistry A ARTICLE nonadiabatic molecular dynamics simulations 78À85 to examine the relaxation pathways of photoexcited molecules. However, the applicability of LR-TDDFT to CI points is questionable for several reasons. 86 First, a single-reference theory has difficulty in describing CI points because of the multiconfigurational character in these regions of a PES. Second, in the vicinity of CI points, LR-TDDFT gives too rapid a change in the potential energy curves. In addition, the response state can become lower in energy than that of the reference state. Levine et al. 86 have discussed these LR-TDDFT failures in the CI optimization of twisted ethylene and suggested the possibility of a spin-flip TDDFT (or simply "SFDFT") approach 87À92 to locate CI points. While spin-flip approaches have been applied mainly to describe low-lying singlet and triplet states for biradicals, 93 the SFDFT method is also useful in that the CI points of ethylene can be successfully located and that the resultant energies and geometries are comparable to those obtained by the MR-CI and MS-CASPT2 methods. 94 In contrast to the conventional LR-TDDFT method, SFDFT employs the triplet RR(M S = þ1) state as the reference and allows only R f β spin-flipped excitations. It is the doubly excited π R * π β * configuration that accounts for the stabilization of ethylene along the pyramidalization angle. The doubly excited configuration is naturally taken into account by a single spin-flip excitation from the triplet π R π R * reference, while the conventional LR-TDDFT cannot describe the double excitation at all. Furthermore, the SFDFT approach treats both the S 0 and S 1 states on an equal footing as the response states, while the S 0 state is always the reference state in LR-TDDFT. Therefore, the SFDFT approach is superior to the LR-TDDFT method in describing CI points.
In the present work, the SFDFT method is applied to examine the photochemistry of stilbene. Because stilbene may be thought of as a substituted ethylene, it is expected that the SFDFT method is a promising approach to describe the CI points and that the LR-TDDFT method will suffer from the same problems observed in ethylene. 86 Although the recent study by HuixRotllant et al. has pointed out that SFDFT has some difficulty in describing CI points when three nearly degenerate orbitals appear in the vicinity of the CI points, 95 the photoisomerization around the CdC bond is well described by two orbitals (π and π*).
Following a presentation of the theoretical and computational methods used here, the excited-state minimum and CI points are discussed. The perpendicular structure gives particularly valuable insight into the mechanism of cisÀtrans photoisomerization. In addition, the present SFDFT approach can access the twisted stilbene species, whereas the previous LR-TDDFT study was unable to access this structure. 53, 55 By using a penaltyconstrained optimization method, 86, 96 SFDFT can successfully locate the two CI points of stilbene: the twisted-pyramidalized CI observed also in the previous SFDFT study of ethylene 94 and another CI point which possibly lies on the cyclization reaction path. The relationship between the CI and minimum energy points is discussed. Interestingly, Levine et al. 96 have shown that the twisted-pyramidalized CI geometry optimized by the MS-CASPT2 method leads to the global minimum of the S 1 state, while the SA-CASSCF method has a distinctly different minimum. Therefore, it is important to take into account dynamic correlation effects in optimizing the geometries for both the CI point and the excited-state minima.
Second, the full two-dimensional PES for the S 1 state is constructed along the central CdC twisting motion and the pyramidalization angle. These two coordinates play an important role in the photoisomerization of stilbene, although it is conceivable that other coordinates participate in the dynamics. 18, 19 The isomerization of both cis-to-trans and trans-to-cis processes is examined on the basis of the computed PES.
METHODS AND COMPUTATIONAL DETAILS
2.1. Spin-Flip TDDFT. Within the linear-response TDDFT approach, 76 the excitation energy Ω and transition amplitudes X and Y are obtained by solving the non-Hermitian equation
The coupling matrices A and B are given as follows 
The labels i, j, ... and a, b, ... refer to occupied and virtual molecular orbitals (MOs), respectively. {ε i , ε a } are the orbital energies, and c x is a mixing weight of the HartreeÀFock exchange integral in the hybrid functional. The exchange-correlation kernel, f xc , is given by the second functional derivative of the exchange-correlation energy.
In the SFDFT method, the triplet state that has two unpaired alpha electrons is chosen as the reference state. Note that the occupied and virtual orbitals are defined according to the occupation number in this reference triplet state. In ethylene, for example, the reference is the triplet π R π R * state, and π R and π R * belong to the occupied space and π β and π β * to the virtual space. To provide a correct description of the singlet states that have an equal number of alpha and beta electrons, only the spinflipped block, that is, the excitation from the occupied alpha orbital to virtual beta orbital, is allowed to be nonzero in the coupling matrices. Taking into account the spin orthogonality between the occupied alpha and virtual beta orbitals, the SFDFT coupling matrix elements are given by
Here, the collinear exchange-correlation functional is assumed, i.e., AEij|f 
Although setting B = 0 is known as the TammÀDancoff approximation in the LR-TDDFT method, the coupling matrix The first term expresses the average potential energy of the two states.
The second term is the product of the Lagrange multiplier, σ, and the penalty term
where the state I is taken to be the upper state. The smoothing parameter R is introduced to ensure the differentiability of eq 9 in the neighborhood of CI points. As discussed in ref 96 , three criteria are employed to achieve the convergence of eq 7: the change in the objective function f between the m-th and (m þ 1)-th optimization steps must be less than a tolerance, tol step jf ðR m , σÞ À f ðR mþ1 , σÞj e tol step ð10Þ
and the parallel and perpendicular components of the gradient of f with respect to the direction of the gradient vector of the penalty must be less than the tolerance tol grad jû 3 r R f ðR, σÞj e tol grad ð11Þ jr R f ðR, σÞ Àû 3 r R f ðR, σÞj e tol grad ð12Þ
The three criteria are minimized simultaneously to be lower than their respective thresholds, tol step and tol grad . The objective function f is minimized with fixed σ until eqs 10À12 are satisfied. Hence, the resultant energies and geometries depend parametrically on σ. If the energy gap between the two states is larger than the threshold ε E I ðR; σÞ À E J ðR; σÞ g ε ð14Þ then the Lagrange multiplier σ is increased, and the optimization is restarted. The parameter σ is increased until the energy difference between the two states becomes less than the given value of ε. The PESs around the CI point are often described using the branching space (gÀh plane) introduced by Yarkony. 69, 70 In the penalty-constrained method, however, the near-degeneracy region of the two surfaces is explored just by imposing the penalty. The algorithm uses only the gradient difference (g) that is slightly modified according to eq 9, while the second vector, i.e., the interstate coupling vector (h), never appears. 100 ) was employed in the present work because the collinear SFDFT benchmark calculations suggest that one will obtain better performance with a larger fraction of HartreeÀ Fock exchange. 87, 94 This is due to the fact that only the HartreeÀ Fock exchange term contributes to the off-diagonal element of the coupling matrix, eq 5, within the collinear exchange-correlation approximation. The long-range correction, range-separated functionals, and noncollinear functionals may affect the CI geometries and energies, and these points should be examined in future work. The basis set employed was the DunningÀHay double-ζ plus polarization DH(d,p) basis. 101 The PES of stilbene was constructed as a function of the twisting and pyramidalization angles (see Figure 1 ). The central C 1 ÀC 8 bond twisting angle τ was defined as the average of four dihedral angles, C 2 C 1 C 8 C 9 , C 2 C 1 C 8 H 21 , H 15 C 1 C 8 C 9 , and H 15 C 1 C 8 H 21 , and the planar cis (trans) conformation corresponds to τ = 0°( 180°). Similarly, the phenyl ring twisting angles, R and β, are defined as the average of four dihedral angles around the C 1 ÀC 2 and C 8 ÀC 9 bonds, respectively. The pyramidalization angle ω is defined as the C 8 atom bending out of the C 1 C 2 H 15 plane. For the S 1 state, the geometries were determined by optimizing the remaining degrees of freedom at given values of τ and ω. At the energy minimum points, all vibrational frequencies were computed to be positive, and the zero point energy (ZPE) correction was added without scaling. In the CI point search, the BroydenÀ FletcherÀGoldfarbÀShannon (BFGS) quasi-Newton scheme was adopted to minimize the objective function in eq 6. The parameters in eqs 9À13 were taken from ref 96: the smoothing parameter R was 0.02 hartree, and the CI search criteria, tol step and tol grad , were set to be 10 À6 hartree and 0.0005 hartree/bohr, 
RESULTS AND DISCUSSION
In this section, the results of the SF-BHHLYP calculations for stilbene are presented. First, the ground-state geometries and vertical excitation energies are discussed. Next, the geometries are optimized at the excited-state energy minima and CI points, and the geometric parameters are compared to those of the previous calculations with the SA-2-CAS(2,2)/6-31G (two-state average CASSCF with the active space consisting of two electrons in two orbitals), 47 SA-3-CAS(2,2)/6-31G(d,p), 96 and MS-CASPT2/6-31G(d,p) with a SA-3-CAS(2,2) reference 96 (simply MS-CASPT2 hereafter) methods. Finally, the trans-to-cis and cis-to-trans isomerization reactions are examined on the basis of the S 1 PES and relevant CI points.
3.1. Ground State. Figure 2 shows the SF-BHHLYP groundstate optimized geometries for the cis and trans isomers, (S 0 ) cis and (S 0 ) trans , respectively. The optimized geometric parameters are in good agreement with the results of the previous calculations 43À45, 47, 51, 53 and the gas-phase electron diffraction experiments 102, 103 though there is some discrepancy in the phenyl rotation of trans-stilbene. The (S 0 ) trans structure has approximately C 2h symmetry and has a molecular plane, and the phenyl-ring twisting angles, R and β, are nearly 0°. The planarity of trans-stilbene, however, has been a source of controversy. 104, 105 The SA-2-CAS(2,2) geometry optimization leads to a nonplanar structure whose phenyl groups rotate out of the molecular plane. 47 In the conventional DFT method with the B3LYP functional, calculations with the 6-31G(d) and cc-pVDZ basis sets give a planar conformation for the trans isomer, 50, 106 while recent computations with the 6-31G(d,p), 6-311G(d,p), and 6-311þG(2d,p) basis sets predict a nonplanar geometry.
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The present SF-BHHLYP/DH(d,p) calculation predicts a planar conformation for the trans isomer. CCSD(T) (coupled cluster single and double excitations with perturbative triple excitations) calculations with an extrapolation to the complete basis set limit have predicted that the energy difference is 0.3 kcal/mol in favor of the planar form. 105 The cis isomer, (S 0 ) cis , has an approximately C 2 geometry. The cis -C 2 C 1 C 8 and -C 1 C 8 C 9 bond angles increase by 4°with respect to the trans isomer. In addition, twisting motions are observed for the central C 1 C 8 bond (τ = 5°) and the phenyl groups (R = 35°, β = 33°). These changes are due to the steric repulsion between the benzene rings in the cis conformation. The remaining geometrical parameters are very similar to those of the trans isomer. The optimized geometry is in good agreement with those in the gas-phase electron diffraction experiment (τ = 5°and R = 43°). 103 The vertical excitation energy to the S 1 state is calculated to be 4.78 and 4.45 eV for the cis and trans isomers, respectively. These values are comparable to the experimental results in n-hexane solution (∼4.6 and ∼4.1 eV), and they follow the same trends. 16 Several theoretical studies have reported the vertical excitation energies of cis-and trans-stilbene: 4.09 and 3.94 eV by the LR-TDDFT (TD-PBE0) approach, 53 6.07 and 5.74 eV by the SA-2-CAS(2,2) method, 47 and 5.73 eV for the trans isomer with MS-CASPT2. 96 It is surprising that the excitation energy difference between the SFDFT and MS-CASPT2 methods is more than 1 eV, considering that the SF-BHHLYP "active space" is comparable to the CAS(2,2) active space. For the trans isomer, the large discrepancy may be partly attributed to the difference in the predicted ground-state optimized geometries by the two methods: the present SFDFT approach predicts a planar (C 2h ) geometry, while the CAS(2,2) calculation finds a phenyl rotation out of the molecular plane. The previous LR-TDDFT study has pointed out that the vertical transition energy depends strongly on the degree of phenyl rotation. 51 In addition to the planarity issue, there has been a source of some controversy about the ordering of excited states for both cis and trans isomers. The correct energetic order is essential to obtain an adequate understanding of the fundamental aspects of the photoisomerization process. For the trans isomer, there are three low-lying excited singlet states: 1B u , 2B u , and 2A g in the C 2h point group. Molina et al. 43 have applied the state-specific CASPT2 method to transstilbene and assigned the highest occupied MO (HOMO)-lowest unoccupied MO (LUMO) transition to the 2B u state and the combination of HOMO to LUMOþ1 and HOMO-1 to LUMO excitations to the 1B u state. The HOMO (4a u ) and LUMO (4b g ) are localized on the central ethylene unit, and the HOMO-1 (3a u ) and LUMOþ1 (5b g ) are described as a linear combination of MOs localized on the benzene rings. As a result, trans-stilbene is predicted by CASPT2 to be initially excited to the optically allowed 2B u state. On the contrary, the MS-CASPT2 45 and LR-TDDFT 51À53 studies agree that the 1B u state is described by the HOMOÀLUMO excitation, although the excitation energies are sensitive to the active space that is chosen in the former method. Recently, Angeli et al. 54 have applied a different version of multireference perturbation theory (n-electron valence state perturbation theory) to trans-stilbene and reproduced the 18, 19 have proposed an ultrafast decay from the S 3 to the S 1 state within 25 fs that is too fast to be probed experimentally. In contrast, Improta and Santoro 53 have applied the LR-TDDFT method to compute the excitation energies of the cis isomer and found that the S 1 state is described exclusively by the HOMO ÀLUMO transition. Thus, according to the LR-TDDFT study, the mechanism of fast decay to the S 1 state is not necessary. Recently, Nakamura et al. 22 have measured the steady-state fluorescence of cis-stilbene and estimated the oscillator strength of the fluorescence to be 0.17, indicating that the S 1 state of the cis isomer is an optically allowed state. The present calculations are in agreement with the previous LR-TDDFT results for both isomers; i.e., the S 1 state is described as a HOMOÀLUMO transition.
Finally, the SF-BHHLYP calculations show that in the ground electronic state the trans-stilbene isomer is more stable than the cis isomer by 4.7 kcal/mol. The calculated results reproduce quantitatively the enthalpy of cis to trans isomerization, þ4.6 kcal/mol, measured in benzene solution at 298 K. 108 The quantitative agreement is in stark contrast with the very small energy difference (0.2 kcal/mol) computed by the state-specific CASPT2 method. 44 3.2. Excited State Energy Minima and S 0 /S 1 Conical Intersections. The present SFDFT study has located three excited state energy minima, for the S 1 state and the two CI points connecting the S 0 and S 1 states. The three SF-BHHLYP optimized geometries are presented and discussed first. The energetic information is described in the next subsections. Figure 2c shows the S 1 trans minimum geometry, (S 1 ) trans . As for (S 0 ) trans , (S 1 ) trans has approximately C 2h symmetry with τ = 180°and ω = 0°, and the phenyl rings are in the molecular plane (R = 0°a nd β = 0°). The bond alternation observed for the ground-state geometry diminishes in the S 1 state due to the πfπ* excitation; the central C 1 ÀC 8 bond length increases by 0.06 Å, while the C 1 ÀC 2 and C 8 ÀC 9 bonds shrink by 0.07 Å.
The PES around twisted S 1 stilbene has valuable information regarding the cisÀtrans isomerization mechanism. As mentioned in the Introduction, the conventional LR-TDDFT method cannot access the twisted stilbene structure. 53, 55 Therefore, the present SFDFT approach can fill in a missing part of the excitedstate PES for S 1 stilbene. The twisted minimum geometry (Figure 3a) has a nearly perpendicular (τ = 86°) arrangement and is considerably pyramidalized (ω = 52°), and thus the label (S 1 ) pyr is assigned. The prediction of the true minimum in a twisted conformation supports the prediction of a "phantom" state that has recently been identified by experiments. 18, 25 Compared to the FranckÀCondon (FC) geometry, (S 0 ) trans , the central C 1 ÀC 8 bond length increases by 0.08 Å, while the C 1 ÀC 2 (C 8 ÀC 9 ) vinylÀphenyl bond decreases by 0.02 (0.05) Å. A sizable dipole moment (8.01 D) is found at the twisted conformation. The dominant transition amplitude is the spinflip excitation from the p orbital of the C 8 atom to that of the C 1 atom. A charge migration is clearly seen in the Mulliken population analysis, where the largest change is observed for the C 1 and C 8 atoms in the ethylene bond: the Mulliken charges for these atoms are À0.51 and 0.00 in the S 1 state, while the charges are nearly equal in the reference triplet state (À0.26 and À0.21). It is interesting to compare the optimized geometry with that obtained by the SA-2-CAS(2,2)/6-31G method, which also finds a twisted-pyramidalized minimum (τ = 89°, ω = 32°). 47 A smaller pyramidalization angle at the C 1 atom implies that the SA-2-CAS(2,2) estimates a smaller charge migration than does SF-BHHLYP because the negative charge enhances the p character of the C 1 atom (cf., methyl cation vs methyl anion). Indeed, there are some differences in the optimized geometry around the C 1 atom. Although the average twisting angle τ is comparable, each of the four dihedral angles differs remarkably for the two methods: -C 2 C 1 C 8 C 9 , for example, is 115°(107°) for the SA-2-CAS(2,2) (SF-BHHLYP) method. In addition, the bond angles -C 2 C 1 C 8 , -C 2 C 1 H 15 , and -C 8 C 1 H 15 are 120°( 114°), 117°(110°), and 108°(112°), respectively, and the phenyl twisting angle R is 0.4°(4.6°).
Using the penalty-constrained optimization method, the SFDFT calculations can successfully locate the twisted-pyramidalized CI point (Figure 3b ), (S 0 /S 1 ) pyr . The SFDFT method identifies the CI point as the crossing between the zwitterionic and open-shell singlet ("dotÀdot") states. The CI geometry is more twisted and pyramidalized (τ = 80°, ω = 70°) than (S 1 ) pyr . The bond angle -C 2 C 1 H 15 decreases by 6°, while the dihedral angle -H 15 C 1 C 8 C 9 ( -H 15 C 1 C 8 H 21 ) changes from 123°(58°) to 138°(45°). Interestingly, there are negligible changes in the C 1 ÀH 15 bond length and in the bond angle -C 8 C 1 H 15 . Therefore, the difference in the pyramidalization angle ω between the (S 0 /S 1 ) pyr and (S 1 ) pyr points is closely related to the out-of-plane motion of the H 15 atom. The benzene ring motion also plays an important role. The vinylÀphenyl C 1 ÀC 2 bond length increases from 1.45 to 1.50 Å, and the bond angle -C 2 C 1 C 8 decreases from 114°to 95°. At the same time, the phenyl ring rotates out of the plane from R = 5°to 27°. Notably, the CI geometry of stilbene is similar to that of ethylene obtained with the SF-BHHLYP/6-31G(d) method in the previous study (τ = 79°and ω = 66°). 94 A similar trend has been observed for the SA-2-CAS(2,2) CI geometries of ethylene and stilbene. 47 Table 1 summarizes selected geometric parameters obtained by the The Journal of Physical Chemistry A ARTICLE present SF-BHHLYP method along with those predicted by the SA-3-CAS(2,2) and the MS-CASPT2 approaches. 96 Note that MS-CASPT2 finds the CI point to be the global minimum on the S 1 PES. The SF-BHHLYP CI geometry is closer to that of SA-3-CAS(2,2) than to that of MS-CASPT2. Assuming that the MS-CASPT2 method is a reliable benchmark, the SF-BHHLYP method underestimates the degree of hydrogen migration character for (S 0 /S 1 ) pyr : the C 1 ÀH 15 bond length and bond angle -C 8 C 1 H 15 are 1.09 Å and 107°, respectively, while the SA-3-CAS(2,2) (MS-CASPT2) calculations give 1.11 Å (1.16 Å) and 103°(76°). There are some similarities between the SF-BHHLYP S 1 minimum, (S 1 ) pyr , and the MS-CASPT2 CI as shown in Table 1 . However, the SF-BHHLYP S 1 PES is different from the MS-CASPT2 PES in that the former has a distinct energy minimum on the S 1 PES.
The S 1 PES around the cis isomer is examined to understand the ultrafast relaxation mechanism of cis-stilbene. A full geometry optimization was performed using the ground-state cis-stilbene geometry as the starting point. The resultant geometry is shown in Figure 4a . The geometric parameters are significantly different from those of the ground-state cis isomer: the C 3 ÀC 10 bond length (2.10 Å) is much shorter than that of the ground state cis isomer (3.22 Å), and the H 16 and H 22 atoms bend out of the benzene ring plane by ∼30°. These structural changes indicate a partial bond formation between the C 3 and C 10 atoms. The Meyer bond order (∼0.5) suggests sizable bonding character, while no C 3 ÀC 10 bond formation is found (bond order < 0.05) for the ground state cis isomer. The authors of the previous LR-TDDFT study 53 pointed out that the optimization of the S 1 cis isomer leads to the cyclization product (4a,4b-dihydrophenanthrene: DHP). The TDDFT B3LYP/DH(d,p) optimized geometry (not shown) is similar to the SF-BHHLYP geometry obtained in the present work. Therefore, the fully optimized geometry shown in Figure 4a is assigned to the S 1 DHP minimum, (S 1 ) DHP . Although the present study does not identify any other true minimum for the cis isomer, the experimental study on cis-stilbene in argon clusters 39 has observed an S 1 local minimum in the cis region. Furthermore, the semiempirical 37 and configuration interaction singles (CIS) 58, 59 methods have identified a cis minimum. It is not surprising that dynamic correlation stabilizes the DHP minimum with respect to the cis minimum and/or lowers the barrier of DHP formation on the S 1 PES. In the previous LR-TDDFT study, Improta and Santoro 53 have optimized the geometries for the S 1 cis-stilbene by imposing the constraint that phenyl hydrogen atoms are coplanar to the benzene rings and suggested that the optimized geometry corresponds to a real minimum or, at least, to a metastable species. By adopting a similar approach, an approximate cis minimum geometry (see Figure 4b ), (S 1 ) cis , is obtained under the constraint that the H 16 and H 22 atoms are kept coplanar to the benzene rings. The (S 1 ) cis has a twisting angle (τ) of 31°, which is in good agreement with the model calculations by Todd et al. 33 (37°) and the semiempirical calculation by Warshel 37 (35°). Another CI structure (Figure 4c ) is identified at (τ,ω) = (25°,17°) using the penalty-constrained optimization method. Compared to (S 1 ) DHP , the C 1 ÀC 8 bond length and the twisting angle τ increase by 0.02 Å and 7°, respectively, while the C 8 ÀC 9 bond shrinks by 0.03 Å. In addition, the benzene ring attached to the C 1 atom rotates from R = 15°to 0°. These structural changes a Bond lengths are in angstroms, and angles are in degrees. Atom numbering is given in Figure 1 . (S 0 /S 1 ) pyr , the twisted-pyramidalized CI; (S 1 ) pyr , the S 1 twisted-pyramidalized minimum. b SA-2-CAS(2,2)/ 6-31G(d,p) and MS-CASPT2/6-31G(d,p) calculations using the penalty constrained optimization method, ref 96 . Note that the MS-CASPT2 method finds the S 0 /S 1 CI point to be the global minimum on the S 1 PES.
c Pyramidalization angle (ω) and twisting angles of benzene rings (R and β), see Figure 1 .
The Journal of Physical Chemistry A ARTICLE enhance the bonding character between the C 3 and C 10 atoms, resulting in a shorter C 3 ÀC 10 bond length of 1.96 Å. Bearpark et al. 42 have explored the S 1 PES of cis-stilbene by the molecular mechanics valence bond (MMVB) approach and successfully identified several low-lying CI points. The lowest energy CI point located by the MMVB method, the cooperating-ring CI ("X coop " in ref 42) , lies along the cyclization reaction coordinate to DHP rather than the cis-to-trans isomerization coordinate. Table 2 summarizes selected geometric parameters. For comparison, Table 2 also includes the SA-3-CAS(2,2)/DH(d,p) and SA-3-CAS(14,12)/DH(d,p) CI geometries optimized with the analytic gradient and derivative coupling vectors in the MOLPRO package. 109 The SF-BHHLYP CI geometry is in good agreement with the SA-3-CAS geometries, and these CI geometries determined by the ab initio methods are qualitatively similar to the MMVB result. Therefore, the identified CI geometry is the cooperating-ring CI obtained by the MMVB calculation, and the label (S 0 /S 1 ) coop is assigned.
3.3. Trans-to-Cis Isomerization. Figure 5 shows the twodimensional PES along the twisting (τ) and pyramidalization (ω) angles. At each (τ, ω) point, geometric parameters other than τ and ω are optimized. Some relevant points are also included in Figure 5 because the geometry optimization without any constraint may be thought of as the lowest energy point at the optimal τ and ω. Figure 6 summarizes the energetic information that is relevant to the isomerization reaction. The initial point just after the vertical excitation of the trans isomer, i.e., the FC point, corresponds to (τ,ω) = (180°,0°). The (S 1 ) trans structure also has (τ,ω) = (180°,0°), although the other geometrical parameters are different from those of (S 0 ) trans . The (S 1 ) trans point is lower in energy by 0.39 eV than the FC point. The 0À0 adiabatic excitation energy from the (S 0 ) trans to (S 1 ) trans is computed to be 4.01 eV, which is comparable to the experimental value of 4.00 eV, 4, 5, 104 in vacuum, while the LR-TDDFT (B3LYP/TZVP) and SA-2-CAS(2,2)/6-31G methods predict 3.62 and 5.18 eV, respectively. 55 The emission from the (S 1 ) trans structure is one of the possible decay mechanisms. The SF-BHHLYP calculations give a fluorescence energy of 3.71 eV, which is in good agreement with the experimental fluorescence maximum of 3.71 eV in nhexane solution. 110 Now, consider the trans-to-cis isomerization reaction. The trans-to-cis isomerization proceeds very slowly (10À200 ps), 9, 10, 24, 25, 36 and such a slow process is attributed to a large barrier along the reaction coordinate. The barrier height has been estimated to be ∼3.3 kcal/mol by experiment 3, 4, 6, 32 and recently computed to be 2.1 kcal/mol (3.9 kcal/mol before the ZPE correction) 48 by adding the CASPT2 PT2 correlation energy with a SA-2-CAS(2,2) reference to the SA-5-CAS (14, 12) energy. The transition state optimized by the SF-BHHLYP method in a Bond lengths are in angstroms, and angles are in degrees. Atom numbering is given in Figure 1 . b This work. The DH(d,p) basis set was employed.
c Conical intersection is optimized using the analytical gradient and derivative coupling vectors, not the penalty-constrained method.
d Molecular mechanics valence bond calculation, ref 42 . Figure 5 . Two-dimensional S 1 state potential energy surface along the twisting (τ) and pyramidalization (ω) angles. At each (τ, ω) point, the remaining geometric parameters are optimized. Energy (in eV) is measured from the ground state trans minimum (180°twisting and 0°p yramidalization), and contour spacing is 0.05 eV. Several important points are shown: the trans minimum, (S 1 ) trans ; the twisted-pyramidalized minimum, (S 1 ) pyr ; the DHP (cyclization product) minimum, (S 1 ) DHP ; the transition states, (S 1 ) TS1 and (S 1 ) TS2 . The blue dashed line, which connects the geometries with a 25°out-of-plane angle for the H 16 atom, defines the boundary between the cyclization product, DHP (left), and stilbene (right). Note that the minimum energy point found at the left of the blue line corresponds to the DHP minimum. Figure 6 . Schematic drawing of the potential energy surfaces for the photoisomerization reaction of stilbene. Several important points are shown: the trans minimum, (S 0 ) trans and (S 1 ) trans ; the cis minimum, (S 0 ) cis and (S 1 ) cis ; the DHP (cyclization product) minimum, (S 0 ) DHP and (S 1 ) DHP ; the twisted-pyramidalized minimum (phantom state), (S 1 ) pyr ; the twisted-pyramidalized conical intersection, (S 0 /S 1 ) pyr ; the cooperating-ring conical intersection, (S 0 /S 1 ) coop . Note that the (S 1 ) cis is not a true minimum due to the constrained optimization. The energy (in eV) is measured from the ground-state trans minimum (180°t wisting and 0°pyramidalization).
The Journal of Physical Chemistry A ARTICLE this work, (S 1 ) TS1 , is found at (τ, ω) = (109°, 2°), and the barrier height is calculated to be 3.4 kcal/mol (0.15 eV) [4.8 kcal/mol (0.21 eV) before the ZPE correction] with respect to the (S 1 ) trans . The (S 1 ) TS1 geometry is given in the Supporting Information. Therefore, the present SFDFT value is close to the experimental estimate. However, the reactive frequency is calculated to be 41i cm À1 , much smaller than the 607i cm
À1
obtained by the SA-2-CAS(2,2) method. 48 While the experiment 10 has predicted that the barrier frequency must be greater than 160 cm À1 , Schroeder et al. 49 have chosen the 25 cm À1 mode obtained by the CIS method to be the reaction coordinate and fitted the rate constant by adjusting the barrier height. The optimal barrier height is in reasonable agreement with the experimental threshold value, in spite of the small imaginary frequency. Finally, consider the nonadiabatic effects on the barrier formation. Orlandi and Siebrand 111 have considered the two interacting benzyl radicals to interpret the isomerization barrier of stilbene; thus, the model consists of four electronic states like the N, V, Z, and T states in ethylene. According to this model, the S 1 barrier formation is attributed to the crossing between the S 1 and S 2 (V and Z) states. Negri and Orlandi 112 have optimized the transition state using semiempirical configuration interaction calculations with and without the doubly excited configurations to estimate the mixing of the 1B (V) and 2A (Z) states. The calculated rate constant shows that the avoided crossing of these two states is the main reason for the transition state formation. On the contrary, the present SF-BHHLYP calculations show no evidence for the participation of the 2A state; the doubly excited (Z) state is higher in energy than that of the V state by 0.39 eV. Furthermore, the S 1 state involves a negligible (<0.05) transition amplitude for the double excitation, i.e., from π R to π β * with respect to the π R π R * reference triplet state. Therefore, nonadiabatic effects are expected to be marginal at the identified transition state. Interestingly, Molina et al. 43 have proposed another mechanism in which the isomerization barrier is produced by the interaction of the 1B and 2B states along the twisting coordinate.
After crossing the barrier, trans-stilbene leads to the perpendicular conformation, where the PES is relatively flat along the pyramidalization coordinate. Therefore, some molecules increase the pyramidalization angle and reach the twisted minimum, (S 1 ) pyr , and the others continue to twist further toward the cis isomer adiabatically on the S 1 state PES. A dynamics simulation is necessary to estimate the branching ratio. First, consider the former process. The twisted-pyramidalized minimum, (S 1 ) pyr , is located at (τ,ω) = (86°,52°) and is nearly isoenergetic with (S 1 ) trans , while the previous SA-2-CAS(2,2) study 47 has predicted a large stabilization (0.59 eV) by the CdC twisting motion. The (S 1 ) pyr energy is 0.13 eV larger than that of the purely twisted geometry which is optimized with the constraint of (τ,ω) = (90°,0°). This indicates that the nonpyramidalized structure is not a minimum on the S 1 potential energy surface. In contrast, the MMVB study by Bearpark et al. 42 identified a planar perpendicular minimum ("M perp " in ref 42) , which may be attributed to the fact that the MMVB method does not include ionic states. In the present SFDFT calculations, the S 1 state is ionic around the twisted conformation even without the pyramidalization. At the (S 1 ) pyr point, the SF-BHHLYP energy gap between the S 0 and S 1 states is estimated to be 0.98 eV, and a rapid internal conversion is unlikely to take place. Such a large energy gap is in contrast to ethylene, in which the global S 1 minimum leads to the CI. The CI point, (S 0 /S 1 ) pyr , is located at (τ,ω) = (80°,70°) and is higher in energy by 0.13 eV than the (S 1 ) pyr minimum. The SA-2-CAS(2,2) study 47 predicted that the energy difference between the (S 1 ) pyr and (S 0 /S 1 ) pyr points is 0.46 eV; the large energy difference is partly due to the lack of dynamic correlation effects. The authors of the recent MS-CASPT2 study 96 have pointed out that the optimization of the (S 0 /S 1 ) pyr CI point leads to the absolute minimum on the S 1 PES. When stilbene approaches the (S 0 /S 1 ) pyr point, the molecule returns to the ground state easily by efficient internal conversion. On the vibrationally hot ground state, some molecules complete the twisting motion and lead to the cis isomer (product), and the others go back to the initial trans isomer (reactant).
Next, consider the case in which the photoexcited stilbene continues to twist toward the cis isomer adiabatically on the S 1 PES. A second barrier, (S 1 ) TS2 , is found at (τ,ω) = (71°,10°). The (S 1 ) TS2 geometry is given in the Supporting Information. The barrier height is estimated to be 1.6 kcal/mol (0.07 eV) [3.3 kcal/mol (0.14 eV) before the ZPE correction] with respect to the (S 1 ) trans structure. The molecule can surmount this barrier easily because the second barrier height is smaller than the first by 1.8 kcal/mol. After crossing the barrier, the molecule approaches the cis region on the S 1 PES. The SF-BHHLYP calculations, however, predict that the cyclization product, DHP, is more stable than cis-stilbene. In Figure 5 , the "boundary" between cisstilbene and DHP is tentatively defined as the dashed line corresponding to the geometries with a 25°out-of-plane angle for the H 16 atom because this angle changes drastically from ∼0 to 30°in crossing the boundary. There are three important points, (S 1 ) cis , (S 1 ) DHP , and (S 0 /S 1 ) coop , located at (τ,ω) = (31°,3°), (18°,1°), and (25°,17°), respectively. The fluorescence decay from the cis minimum is a possible relaxation mechanism. Although (S 1 ) cis is an approximate minimum, the calculated emission energy of 3.05 eV is in good agreement with the experimental value of ∼3 eV in cyclohexane 22 and n-hexane Although the barrier on the DHP path is not identified in the present work, experiments have estimated the barrier height to be 2.0 and 1.2 kcal/mol. 17, 113 The SF-BHHLYP emission energy at the (S 1 ) DHP point is calculated to be 1.12 eV, which is at variance with the experimental fluorescence energy (∼3 eV) expected to be from the cis minimum. In addition, a very weak DHP emission 1, 24, 25 indicates that the fluorescence decay is an inefficient mechanism. The radiationless decay is also suppressed at the DHP minimum due to the relatively large energy gap (1.12 eV). Therefore, the (S 0 /S 1 ) coop CI point is the most likely candidate to account for the rapid relaxation around the DHP minimum because of the slight endothermicity (0.17 eV) with respect to (S 1 ) DHP . Jiang et al. 63 have performed a molecular dynamics simulation and found that DHP is formed from the trans-stilbene reactant through the excited cis-stilbene intermediate. The present SF-BHHLYP calculations support the direct DHP formation from trans-stilbene on the S 1 state PES.
3.4. Cis-to-Trans Isomerization. The cis-to-trans isomerization proceeds much more easily than the trans-to-cis isomerization. Experimental results indicate a negligibly small barrier along the isomerization path. 17, 24, 25, 27, 30, 34 The SF-BHHLYP calculations support the reaction from cis to the perpendicular conformation. The FC point for the cis isomer is at (τ,ω) = (5°,1°)
The Journal of Physical Chemistry A ARTICLE and is 0.54 eV higher in energy than the trans FC point. Thus, the photoexcited stilbene has a larger excess energy in the cis-to-trans isomerization than in the trans-to-cis reaction. Using the approximate minimum, (S 1 ) cis , the barrier height at (S 1 ) TS2 is estimated to be 0.12 eV without the ZPE correction. A smaller barrier along the cis-to-trans reaction is consistent with the shorter cis-stilbene lifetime observed in the experiments. In the perpendicular conformation, some molecules reach the (S 0 /S 1 ) pyr CI point through (S 1 ) pyr , and the others continue to twist toward the trans isomer adiabatically on the S 1 PES. The former process is similar to that in the trans-stilbene isomerization discussed above, but the cis isomer reaction is expected to be much easier than the trans isomer because of the larger excess energy. The same relaxation mechanism, i.e., the rapid internal conversion through the (S 0 /S 1 ) pyr CI point, could explain the experimental observation that the product yield is independent of whether the initial reactant is the cis or trans isomer. To examine the possibility of the adiabatic cis-to-trans reaction on the S 1 PES, Saltiel et al. 29, 30 have measured the fluorescence of cis-stilbene by removing carefully the trans-stilbene and concluded that the excited trans isomer is formed from the cis isomer adiabatically on the S 1 PES. The present calculations support the adiabatic reaction because the barrier height at (S 1 ) TS1 is almost the same for both the cisto-trans and trans-to-cis directions.
In the cis-stilbene photochemistry, the cyclization product, DHP, is formed in addition to the trans isomerization product. There are three points relevant to the relaxation of S 1 cis-stilbene: (S 1 ) DHP , (S 0 /S 1 ) coop , and (S 1 ) cis located at (18°,1°), (25°,17°), and (31°,3°), respectively. The SF-BHHLYP optimized geometries indicate that the twisting angles of the phenyl groups (R and β) also play an important role to reach these points (Figure 4) . From the FC point at (5°,1°), the excited cis-stilbene relaxes toward one of these points. If the twisting motion around the central ethylene bond is dominant at the FC point, the molecule reaches the (S 1 ) cis approximate minimum followed by (S 1 ) DHP or (S 1 ) pyr . The first step involves the twisting motion (τ) by 26°a nd the phenyl twisting motions (R and β) by À21°and À20°. The reaction channel for DHP formation is open for the (S 1 ) cis structure because the unconstrained geometry optimization of (S 1 ) cis leads to (S 1 ) DHP . Thus, the product yield of DHP and trans-stilbene depends on the branching ratio at the (S 1 ) cis point. Since (S 1 ) DHP has a small oscillator strength and there is a large energy gap (1.12 eV) between the S 0 and S 1 states, there must be another decay channel to account for the efficient relaxation of cis-stilbene. (S 0 /S 1 ) coop is one of the possible pathways connecting the S 0 and S 1 states. It is easy to reach the (S 0 /S 1 ) coop CI point from (S 1 ) DHP because the former is only slightly higher in energy (0.17 eV) than the latter. Sufficient kinetic energy is available for (S 1 ) DHP due to the large energy difference between (S 1 ) DHP and the cis FC point (1.27 eV). If the reaction coordinate around the FC point includes both the pyramidalization angle (ω) and the phenyl ring twisting angles (R and β), the direct approach from the FC point to the (S 0 /S 1 ) coop CI may be possible. In this case, it is necessary for the geometry to change the angles ω, R, and β by þ16°, À35°, and À22°, respectively. Therefore, the initial motion (torsion or pyramidalization) at the FC point is a critical factor to account for the product yield.
Several points are unresolved in the present analysis of the PES. First, it is necessary to examine whether or not the cis minimum is formed in the excited state. Molecular dynamics simulations would be useful to confirm the metastable species and to examine how long it takes to escape from the local minimum if the molecule is kinetically trapped. In addition, the present analysis cannot account for the product yield. The experimental product yield observed for cis-stilbene consists of the cisÀtrans isomerization (35%), the formation of DHP (10%), and the recovery of reactants (55%). 40, 66 However, the SF-BHHLYP method predicts that (S 0 /S 1 ) coop is more stable than the (S 0 /S 1 ) pyr structure by 0.28 eV and that the former channel would be dominant from the thermodynamic point of view. This discrepancy implies that the reaction of cis-stilbene is kinetically controlled. The first possibility is that both the (S 0 /S 1 ) coop and (S 0 /S 1 ) pyr CI points are operative but that the reaction path toward the former is suppressed for some reason. Here, the suppressed path means the (S 1 ) cis to (S 1 ) DHP process or the direct approach to (S 0 /S 1 ) coop from the FC point. On the basis of resonance Raman spectra, Myers and Mathies 28 have discussed the initial motion of cis-stilbene on the S 1 state and shown that the wavepacket motion on the excited state produces a 25°t orsion around the central ethylenic bond in only 20 fs. Thus, a majority of the cis-stilbene molecules approach the twistedpyramidalized CI point, (S 0 /S 1 ) pyr , which leads to the ground state cis and trans isomers. The second possibility is that the (S 0 /S 1 ) pyr formation path is closed in the photochemistry of cisstilbene. Rather, it could be the ground state PES near the (S 0 /S 1 ) coop CI point that determines the product yield. On the basis of the experiments of cis-stilbene homologue molecules, Petek et al. 40 have suggested that the initial direction of geometry relaxation on the S 1 state is along the photocyclization reaction coordinate rather than the cis-to-trans isomerization coordinate. Another possibility is that cis-stilbene approaches both the (S 0 /S 1 ) coop and (S 0 /S 1 ) pyr CI points. Dou and Allen 61 have performed direct dynamics simulations for cis-stilbene on the S 1 state by using Hamiltonian matrix elements fitted to tightbinding local-density approximation DFT calculations. The authors found two principal avoided crossings along the single trajectory and proposed that the first crossing point leads to DHP formation and the second to the trans-stilbene product. In this mechanism, the product yield depends on the switching probability, or the nonadiabatic coupling, at these points. It would be interesting to employ SFDFT nonadiabatic dynamics simulations to provide insight into the photochemical processes of cisstilbene.
CONCLUSIONS
The present study has applied the SFDFT method to examine the photoisomerization of stilbene. The SF-BHHLYP method can successfully locate not only the excited-state minimum energy points but also two conical intersections, (S 0 /S 1 ) pyr and (S 0 /S 1 ) coop . The former is similar to the twisted-pyramidalized ethylene observed in the previous study, and the latter possibly lies on the cyclization product (DHP) formation pathway. The SFDFT method locates a distinct twisted-pyramidalized minimum that is lower in energy by 0.13 eV than the (S 0 /S 1 ) pyr CI point. Therefore, the present SFDFT calculations support the phantom state that has recently been identified by experiments, although the recent MS-CASPT2 study has shown that the (S 0 /S 1 ) pyr point is a global minimum of the excited-state PES like the ethylene molecule. The SF-BHHLYP calculations have predicted that the S 1 state is ionic around the perpendicular conformation and that the purely twisted nonpyramidalized structure is not a true minimum for the S 1 state. To elucidate the mechanism of cisÀtrans isomerization, the two-dimensional PES has been The Journal of Physical Chemistry A ARTICLE constructed as a function of the twisting and pyramidalization angles. In the trans-to-cis route, the SF-BHHLYP method locates a barrier of 3.4 kcal/mol along the isomerization path, supporting a surprisingly long lifetime for trans-stilbene. In addition to the nonadiabatic process through the (S 0 /S 1 ) pyr CI point, the adiabatic DHP formation from trans-stilbene on the S 1 surface has been shown to be possible. For the cis-to-trans reaction, some possible decay mechanisms have been proposed: radiationless decay through (S 0 /S 1 ) pyr and DHP formation through (S 0 /S 1 ) coop .
In the present study, the isomerization mechanisms of stilbene are discussed on the basis of the excited state PES only. As a result, the information of some quantities that are relevant to the excitedstate dynamics is still missing. To explain the lifetime and product yield, it is necessary to perform nonadiabatic dynamics simulations to monitor the relaxation processes and product formation on the fly. There have been several papers on the calculation of the nonadiabatic coupling matrix element within the linear-response TDDFT, and the extension to the SFDFT method is straightforward. Work is in progress along these lines. ' REFERENCES
